Introduction
Within the rhizosphere, plants interact both positively and negatively with a wide range of organisms, including other plants. Hence, diverse regulatory signals, including plant-derived chemicals, are present in the soil to translate a wealth of information that ultimately leads to growth responses of the interacting partners. An important interaction, which proved crucial for land plant evolution, is the symbiosis with mycorrhizal fungi belonging to the Glomeromycota (Bonfante and Genre 2010) . These fungi are obligate heterotrophs that supply the plant with nutrients [mainly phosphate (Pi) and nitrogen (N)] and, in return, the plant delivers photosynthetic assimilates to the fungi. In addition, mycorrhizal fungi can provide other benefits, such as increased water absorption and root protection from soil heavy metals (Garg and Singla 2011; Porcel et al. 2012 ). An important group of sesquiterpene lactones, commonly named strigolactones, is responsible for stimulating this relationship particularly under nutrient-deficient conditions (Akiyama et al. 2005) . More recently in evolution, parasitic plants, such as Striga sp., have co-opted strigolactones as a germination signal, thus indicating proximity to host roots. It is from this interaction that strigolactones derive their name. Many parasitic plants are also obligate heterotrophs and, instead of being beneficial, they drain their hosts of nutrient and energy reserves. These parasitic plants cause extensive yield reductions in agricultural cropping systems across Africa, India and the Middle East (Akiyama and Hayashi 2006; Humphrey and Beale 2006) . Strigolactones have been found across different species and groups of higher plants including rice, petunia, pea, and Arabidopsis ). Recent analysis suggests that strigolactones evolved to control rhizoid elongation because liverworts and Charales produce and respond to strigolactones (Proust et al. 2011; Delaux et al. 2012) . In moss, strigolactones control developmental and ecophysiological processes too, in a manner that is reminiscent of quorum-sensing in bacteria (Proust et al. 2011) . It is hypothesized that strigolactones were recruited for their role in stimulating mycorrhizal association and maintained for modulating more complex plant architectures (Delaux et al. 2012) .
Strigolactones regulate developmental programs and modulate plant architecture through the fine-tuning of shoot branching and root growth (Stirnberg et al. 2007; GomezRoldan et al. 2008; Umehara et al. 2008; Ruyter-Spira et al. 2011 ). In addition, strigolactones and analogous chemicals (i.e., karrikins) regulate seed germination as part of a light-dependent process (Tsuchiya et al. 2010; Nelson et al. 2011) . Because of their role in plant growth and development, strigolactones are considered an additional class of hormones besides the already well-established hormone groups.
A collection of shoot-branching mutants, defective in either strigolactone synthesis or perception [more axillary growth (max) in Arabidopsis, dwarf (d) in rice, decreased apical dominance (dad) in petunia and ramosus (rms) in pea], were instrumental in unraveling the biosynthesis, perception and transport of strigolactones ( Fig. 1 ) (reviewed in Beveridge and Kyozuka 2010) . In short, the first step of strigolactone biosynthesis involves the conversion of all-trans-β-carotene to 9-cis-β-carotene that is mediated by D27 (Waters et al. 2012) . Next, plastidic carotenoid cleavage dioxygenases 7 and 8 (CCD7 and CCD8 encoded, respectively, by MAX3 and MAX4 in Arabidopsis; Fig. 1 ) produce carlactone (Alder et al. 2012) . Carlactone (or another derived intermediate) is then transported to the cytosol where it is possibly converted to strigolactones by MAX1 that encodes a cytoplasmic cytochrome P450 enzyme (Booker et al. 2005; Waters et al. 2012 ).
Responses to strigolactones require an F-Box leucinerich repeat protein encoded by MAX2/RMS4/D3 and possibly also an α/β-hydrolase (Gomez-Roldan et al. 2008; Umehara et al. 2008; Arite et al. 2009; Liu et al. 2009; Hamiaux et al. 2012) . Based on very recent findings in petunia, the α/β-hydrolase, encoded by DAD2, hydrolyses GR24 and binds to the MAX2 protein during catalysis, which then leads to an SCF-mediated signal transduction pathway (Hamiaux et al. 2012) . Furthermore, the proposed function of DAD2 as a strigolactone receptor is supported by a computationally based structure analysis (Gaiji et al. 2012) .
Historically strigolactones were known to be synthesized in both roots and stems and to be transported upwards in the xylem . This is in agreement with measurements of Yoneyama et al. (2007) , in which higher levels of strigolactones were found in roots as compared to other tissues. Little is known about what controls the level of strigolactone synthesis, although light quality and intensity could be the determining factors (Koltai et al. 2011 ). More recently in petunia, an ATPbinding cassette (ABC) transporter PDR1 has been found to play a key role. pdr1 mutants display reduced symbiotic interactions because they are defective in strigolactone exudation, and have an enhanced branching phenotype, like other strigolactone mutants (Kretzschmar et al. 2012 ). It will be interesting to discover whether and how this transporter exactly acts to control root to shoot distribution of strigolactones.
Despite originally being discovered in plant-related soil signaling, strigolactone regulation of belowground plant architecture had received very little attention. Yet, early studies already reported that strigolactone shoot branching mutants in pea and petunia had reduced root biomass (Beveridge et al. 1996; Snowden et al. 2005; Drummond et al. 2009 ) whereas the dry weight of other strigolactone mutants did not differ from the wild type (Beveridge et al. 1997a; Morris et al. 2001) . In petunia strigolactone mutants, no obvious change in root structure associated with the observed reduction in root mass (Snowden et al. 2005) . More detailed analyses of root developmental processes, using strigolactone biosynthesis and signaling mutants in addition to exogenous applications, now show that strigolactones have various roles in regulating the root architecture.
This review will give an overview of the literature regarding the biological activity of strigolactones during root development. Adventitious root formation, primary root growth, lateral root formation, root hair growth and nodulation are all aspects of the root system regulated by strigolactones. As various established hormones and nutrient conditions influence these processes, we will also discuss their interactions with strigolactones.
Strigolactones inhibit adventitious root formation
Adventitious roots are defined as roots from non-root tissues, such as stems or leaves, and, as such, can be considered as aerial organs. They are important for all industries relying on clonal propagation including forestry and horticulture. In monocotyledonous species, the early root system consists of a seminal root (primary and short lateral roots) and is replaced by crown roots. Because these roots emerge from stem tissue rather than roots, they are by definition adventitious.
Adventitious roots can be formed from any non-root tissue and, depending on their location, different initiation events have been reported. Adventitious roots forming from Arabidopsis hypocotyls initiate from a cell layer proximate to the central cylinder and in this regard show similarity to the lateral roots that emerge from pericycle founder cells (Casimiro et al. 2001) . In many important crop species (including rice, maize and wheat), adventitious roots are formed via vascular cambial cell divisions whereby phloem initials start to divide to produce a primordium (Naija et al. 2009) callus in which tracheids differentiate, elongate and eventually form the center of a complete root primordium (Bollmark et al. 1988; Lorbiecke and Sauter 1999; Rasmussen and Hunt 2010) .
One of the most striking effects of strigolactones on the general root structure is the inhibition of adventitious root initiation (Rasmussen et al. 2012 ). This phenotype has been observed in stem cuttings of pea (Fig. 2) (Rasmussen et al. 2012 ) and tomato ) and etiolated hypocotyls of Arabidopsis (Rasmussen et al. 2012 ) and as well as in lower stems of intact petunia lacking endogenous strigolactones (Napoli 1996) . Exogenous strigolactone treatments inhibited adventitious rooting in a MAX2/RMS4-dependent manner Rasmussen et al. 2012 ) and biosynthesis mutants from pea (rms5) but not from Arabidopsis (max4) were more sensitive to exogenous GR24 application than the wild type (Rasmussen et al. 2012) . In stem cuttings, root primordia typically emerge from cambial cell division activity, a stem cell-like cell layer that is required for vascular bundle formation and in addition, secondary growth. Whereas strigolactones may reduce the cambial activity required for adventitious root initiation, they conversely stimulate secondary growth by promoting cambial cell divisions independent or downstream from strigolactone-controlled auxin accumulation (Agusti et al. 2011) . These apparently opposing actions in cambial regulation suggest that the role of strigolactones depends on the physiological status of the plant, whereby wound-induced adventitious rooting on cuttings or light-induced Arabidopsis hypocotyls cambium activity is suppressed and stimulated in stems and roots of maturing plants.
Interestingly, the number of crown roots formed by wildtype rice plants was similar to that formed by strigolactone biosynthesis mutants d10, d14, d17, d27 and a perception mutant d3 (Arite et al. 2012) . However, impairment of the strigolactone synthesis and perception caused a reduction in rice crown root length, suggesting that strigolactones may regulate adventitious root development differently in monocots and dicots. It is also possible that not all adventitious roots are in fact physiologically identical and crown roots may differ from the adventitious roots appearing on non-root tissues in dicotyledonous plants. Further research on this difference between monocot and dicot adventitious (crown) roots is required to determine whether or not all adventitious roots are similar enough to be compared. This will have ramifications for both clonal propagation and for Arrows symbolize promotion and flat-ended lines inhibition. Ethylene and CK can both also inhibit auxin transport (red vertical lines) but it is unknown whether their regulation of adventitious or lateral roots occurs directly or via changes in auxin transport. Phosphate deficiency increases strigolactone production, but for primary root length, phosphate deficiency and strigolactones act independently and for lateral root formation phosphate-deficient increase in auxin sensitivity lies downstream of a strigolactone-induced inhibition of polar auxin transport. The link between ethylene and strigolactones has only been studied for root hair length adapting root systems of monocot crops for specific soil environments.
A key question is how strigolactones regulate adventitious root development. Strigolactone mutants have reduced cytokinin levels (Beveridge et al. 1997b; Zhang et al. 2010) . As cytokinin is known to be a potent inhibitor of adventitious root formation (Bollmark and Eliasson 1986; De Klerk et al. 2001) , cytokinin levels and signaling have been analyzed in Arabidopsis. Strigolactone synthesis and signaling mutants all responded to exogenous cytokinin, and vice versa; both the triple ipt1,5,7 cytokinin synthesis and the double ahk3,4 cytokinin signaling mutants responded to exogenous strigolactones (Rasmussen et al. 2012) . Together these findings demonstrate that the increased adventitious rooting in strigolactone mutants is a result of both low strigolactone and low cytokinin levels, independently controlling adventitious rooting (Bollmark and Eliasson 1986; De Klerk et al. 2001; Rasmussen et al. 2012) .
In contrast to the inhibitory role of cytokinin, auxin promotes adventitious root formation (Cooper 1936; Boerjan et al. 1995; Delarue et al. 1998 ). Auxin application was also shown to promote the expression of strigolactone synthesis genes in plant stems (Foo et al. 2005; Hayward et al. 2009 ), suggesting that auxin should reduce adventitious rooting. However, auxin-induced strigolactone signaling is not the key process regulating adventitious rooting, because both auxin and strigolactone mutants respond to strigolactone and auxin treatments, respectively (Rasmussen et al. 2012) . The levels of auxin were found to be higher at the base of tomato stem cuttings ) and auxin and strigolactones applied simultaneously to reduce rooting when compared to auxin treatments alone Rasmussen et al. 2012) . Together these results could support several hypotheses. The first is that strigolactone signaling affects the sensitivity of tissues to auxin. The second possibility is that strigolactones may reduce the amount of locally available free auxin, which can then induce adventitious rooting Rasmussen et al. 2012) .
In the regulation of root hairs, it has been demonstrated that strigolactones interact with ethylene (Kapulnik et al. 2011b ). So far, there is no direct evidence for a link between strigolactone and ethylene in regulating adventitious rooting; however, ethylene is known to regulate adventitious roots in different ways depending on the conditions. For instance, the activity is strongly dependent on the concentration because at high auxin levels ethylene is inhibitory (De Klerk and Hanecakova 2008; Kilkenny et al. 2012 ), whereas at low auxin levels ethylene promotes adventitious rooting (De Klerk and Hanecakova 2008) . More research is required to determine whether ethylene, strigolactones and auxin interact to regulate adventitious rooting.
Low Pi conditions upregulate strigolactone production, presumably to increase colonization by mycorrhizal fungi (Yoneyama et al. 2012) . In this respect it could be expected that low Pi conditions might reduce adventitious root formation as a result of high endogenous strigolactone levels. Indeed, in maize, low Pi has been linked to reduced adventitious rooting (Pellerin et al. 2000; Kume et al. 2006 ). The study of Pellerin et al. (2000) revealed that emergence of adventitious roots (called crown roots in maize) was delayed under Pi-deficient conditions. Kume et al. (2006) exposed individual maize plants to heterogeneous soil patches and found that adventitious roots were preferentially formed on the sides of the stem exposed to Pi-enriched patches. As the strigolactone levels were not measured in these studies, it remains possible that these phenotypes result from other hormone interactions.
Strigolactones increase primary root length
Several recent reports show that the strigolactone production and response mutants of rice, maize and pea have shorter primary roots than the wild type ( Fig. 2) (Arite et al. 2012; Guan et al. 2012; Kretzschmar et al. 2012) . In support of the strigolactone-promoting primary root growth, Ruyter-Spira et al. (2011) demonstrated that when grown without sucrose, GR24 applications trigger root growth in a MAX2-dependent manner. They also measured the number of cells in the meristem and showed that GR24 increased the number of cells in the meristem, possibly explaining the increase in root length. However, 0.5 % sucrose was used for counting the meristem cell numbers and under these conditions primary root length was inhibited by GR24 independently of MAX2. Shinohara et al. (2013) confirmed this MAX2-dependent root growth inhibition by GR24 levels between 3 and 30 μM. Another study (Dubrovsky et al. 2009 ) found cortical cells in the primary root of max4 to be shorter than those of the wild type, but root length was not mentioned. Further support for a promoting role for strigolactones in primary root length comes from a study where GR24 was shown to increase root length in tomato (Koltai et al. 2010 ) but only after root length inhibition by auxin and only significant at very high concentrations. This study also demonstrated that GR24 could increase cortical cell length in the presence of auxin, while CYCB1 expression (indicative of cell division rates) was inhibited by GR24. In contrast to the study by Ruyter-Spira et al. (2011) , the findings of Koltai et al. (2010) suggest that the longer primary root results from enhanced cell elongation rather than cell division. These contrasting reports demonstrate the need for further research to understand how strigolactones regulate cell division or elongation.
In contrast to lateral root formation, Pi-deficient inhibition of root growth occurs independently of strigolactone signaling, as evidenced by Pi-deficient inhibition of primary root growth in both max2 and wild type (Yoneyama et al. 2007; Jain et al. 2007; Mayzlish-Gati et al. 2012) .
Strigolactones may regulate local levels of auxin either by changing auxin biosynthesis or polar auxin transport. Some studies have demonstrated that in the strigolactone mutants the auxin levels were higher (Beveridge et al. 1997b; Bennett et al. 2006) whereas others that the mutants and the wild type did not differ (Beveridge et al. 1996; Morris et al. 2001; Arite et al. 2009 ). There is also support for a role of strigolactones in reducing polar auxin transport both by means of radiolabeled auxins and PIN efflux marker lines, although contradictory results concerning subcellular relocalisation of PINs in root tips have been reported in different experiments and when the root and shoot systems were compared (Beveridge et al. 2000; Bennett et al. 2006; Lazar and Goodman 2006; Lin et al. 2009; Crawford et al. 2010; Shinohara et al. 2013) . Recently, strigolactone action in stems was found to trigger PIN1 depletion from the plasma membrane of xylem parenchyma cells and depended on clathrin-mediated membrane trafficking (Shinohara et al. 2013) . This regulation of auxin may explain some of the strigolactone-related phenotypes described here.
Increased auxin transport in the strigolactone mutants results in more auxin reaching the root. Because auxin inhibits root growth, this may explain the reduced root length in these plants and the enhanced root length in plants treated exogenously with strigolactone. However, this is speculative and investigations into this interaction including cell-level analyses are still required. Interestingly, the Pi-deficient decrease in root length mentioned above has been proposed to occur independently of auxin (Jain et al. 2007) , whereas in contrast, the interaction between Pi and auxin appears to be involved in the regulation of lateral root development (Jain et al. 2007 ) (see below).
Strigolactone regulation of lateral root formation depends on the nutrient environment
Lateral roots originate from the pericycle either adjacent to xylem pole cells (in dicotyledons) or phloem pole cells (in monocotyledons), although under exceptional circumstances lateral roots can also emerge from the endodermis (Casero et al. 1995) . The first steps in lateral root formation are anticlinal divisions of pericycle cells that were arrested in the G2 phase of the cell cycle ). As such they become lateral root founder cells, which can become activated to initiate the development of a lateral root primordium containing the same cell types as a mature root (Malamy and Benfey 1997) .
A crucial step for founder cell specification is the accumulation of auxin. This is evidenced in auxin receptor mutants (tir1afb2afb3) that show a drastic reduction in lateral root formation (Dharmasiri et al. 2005; Pérez-Torres et al. 2008 ) and in several mutants perturbed in AUX/IAAand ARF-mediated signaling that display severe defects in lateral root organogenesis, or block it completely [in the case of stabilized SOLITARY ROOT(SLR)/IAA14 or loss of ARF7 and ARF19 (Vanneste et al. 2005) ]. Local accumulation of auxin in root pericycle cells is ensured by PINdependent auxin recirculation inside the root tip (Casimiro et al. 2001) , a process that is very well described elsewhere and falls beyond the scope of this review. Following lateral root initiation, organogenesis of lateral root primordia is achieved by highly coordinated cell division and differentiation patterns (Benková and Bielach 2010) .
Strigolactones affect auxin fluxes (see above) (Bennett et al. 2006; Brewer et al. 2009; Crawford et al. 2010; Ruyter-Spira et al. 2011; Shinohara et al. 2013) , so it was expected that strigolactones may also have an effect on lateral root formation. Thus far, two reports describe a negative influence of strigolactones on lateral root density in a MAX2-dependent manner (Fig. 2) (Kapulnik et al. 2011a; Ruyter-Spira et al. 2011 ). However, an increased lateral root density in the max mutants under control conditions was observed only sometimes (Kapulnik et al. 2011a ), or only under Pi-limiting conditions (Ruyter-Spira et al.
2011).
Both reports on strigolactone regulation of lateral root formation presented different conclusions regarding the underlying cause for the inhibition (Kapulnik et al. 2011a; Ruyter-Spira et al. 2011 ). Ruyter-Spira et al. (2011) found that GR24 treatment prevented the transition of lateral root primordia from stage V to stage VI in both wild type and strigolactone biosynthesis mutants (except max4). In contrast, Kapulnik et al. (2011a) suggest that the initiation of lateral roots was affected rather than the elongation or outgrowth, but this was highly dependent on the applied concentration of strigolactones. Although it is difficult to reconcile these two contrasting reports, part of the mechanism for strigolactone regulation of lateral root formation may result from changes in auxin transport capacity (reduction of PIN1 expression) (Ruyter-Spira et al. 2011). By applying enough auxin to the growing seedlings (restoring PIN1 expression to normal levels and patterns), the inhibitory effect of strigolactones on lateral root development was counteracted (Ruyter-Spira et al. 2011 ). However, no data for the lateral root density were presented for auxin or for auxin together with strigolactones, making conclusions difficult. Despite this, these findings suggest that decreased shoot-derived auxin levels (at least partially) mediate the GR24-induced suppression of lateral root primordium outgrowth (Ruyter-Spira et al. 2011 ).
The interaction between strigolactones and cytokinins has been found to be independent in the regulation of adventitious root formation (Rasmussen et al. 2012) . This interaction has not yet been studied for lateral roots, but, similar to adventitious rooting, cytokinins are negative regulators of lateral roots (Laplaze et al. 2007 ). Cytokinins arrest the pericycle founder cells in the G2-to-M transition, preventing their outgrowth into mature lateral roots and the correct establishment of auxin maxima as well by interfering with PIN transporters affecting lateral root primordia patterning (Laplaze et al. 2007 ). It will be interesting in future studies to determine how/whether strigolactones and cytokinins interact to regulate lateral root development because the strigolactone mutants also contain reduced cytokinin levels. A very novel and exciting observation in that respect comes from a recent study by Koren et al. (2013) in which they show that strigolactone signaling in the endodermis is sufficient for mediating lateral root responses towards exogenous GR24. Moreover, shy2 loss-of-function mutants were found to be insensitive to GR24 treatment for both lateral root formation and cell meristem number, revealing a role for this regulator of root meristem size not only during the cytokinin and auxin interplay (Dello Ioio et al. 2008 ), but also during strigolactone action in shaping the root system.
High levels of inorganic Pi suppress lateral root elongation and decrease lateral root density, but stimulate primary root elongation. In contrast, under low levels of Pi, lateral root initiation and elongation are favored over primary root growth (Williamson et al. 2001 ) while strigolactone production increases (Yoneyama et al. 2007 ). Importantly, the action of strigolactones on lateral root formation/initiation depends on the Pi status of the plant. Under Pi-sufficient conditions (including the studies described above) strigolactones inhibit lateral root formation, whereas under Pi-limiting conditions the converse is true (Ruyter-Spira et al. 2011) . This effect could also correlate with changes in auxin responses in the root meristem (López-Bucio et al. 2003) . Indeed, the increase in auxin sensitivity following Pi deprivation results in a loss of the inhibitory effect of strigolactones on lateral root development (Ruyter-Spira et al. 2011 ). This could be consistent with the Pi-deficient increase in auxin sensitivity lying downstream of the strigolactone-inhibited auxin transport in regulating lateral root formation. These findings lead to the hypothesis that strigolactones might translate environmental signals into appropriate growth cues for the root system architecture although solid evidence still needs to be provided (RuyterSpira et al. 2011; Ruyter-Spira and Bouwmeester 2012) .
Root hair length is enhanced by strigolactones
Root hairs not only facilitate the absorption of water and nutrients due to a large enhancement of root surface area (Jones and Dolan 2012) , but also help in establishing the symbiotic interaction between rhizobia and leguminous plants. The formation of a root hair, via outgrowth of epidermal cells (or trichoblasts), is divided into specific stages (cell specification, root hair initiation, tip growth, and maturation) (Pei et al. 2012) , and the decision to become a hair cell or not, requires specific positional information from the underlying cortical cell layer.
It has been well described that root hair elongation results from increased auxin levels in the epidermal cells and AUX1-dependent transport through non-hair epidermal cells (Pitts et al. 1998; Jones et al. 2009 ). Ethylene has also been implied in the root hair elongation process, possibly via cross-talk with auxin (Pitts et al. 1998; Kapulnik et al. 2011b ), because at low levels, ethylene promotes auxin biosynthesis and transport in the root (Stepanova et al. 2007; Swarup et al. 2007) .
Strigolactones are implicated in root hair elongation as well (Fig. 2) . Arabidopsis strigolactone mutants had shorter root hairs than the wild type and a significant increase in root hair length was observed upon exogenous GR24 treatment in wild-type and max3 and max4 mutant plants, whereas addition to max2 roots had no effect (Kapulnik et al. 2011a) . As observed in lateral root development, this MAX2-dependent root hair length phenotype is concentration-dependent and at high concentrations even the max2 mutant responds to GR24. In contrast, it was found that GR24 inhibited root hair elongation in tomato; however, this only occurred at non-physiological concentrations and was not tested at lower concentrations (Koltai et al. 2010) . At these high concentrations they also found that auxin could not rescue the phenotype. Instead the auxin transport inhibitor 1-N-naphthylphthalamic acid (NPA) was able to enhance the root hair length, suggesting that high levels of strigolactones enhance auxin efflux in tomato (Koltai et al. 2010) .
Further analyses of the relationship between ethylene, auxin and strigolactones demonstrate that ethylene biosynthesis is required for strigolactone-mediated root hair elongation (Kapulnik et al. 2011b ). In contrast, auxin was not required for strigolactone-enhanced root hair elongation, because the tir1 auxin response mutant was still responsive to exogenous GR24 (Kapulnik et al. 2011b) . Despite this, auxin signaling enhances the strigolactone-induced root hair response, suggesting a convergence of the strigolactone and auxin hormonal pathways.
Nutrient conditions also affect root hair formation. For example low Pi, N and iron all induce root hair formation (Gahoonia et al. 2001; López-Gucio et al. 2003) . However, little has been reported on the effect of nutrient deficiency and root hair length, which seems to be the aspect of root hair development most affected by strigolactones. However, it has been suggested that the root hair response to low Pi is mediated by strigolactones and could be correlated with transcriptional activation of TIR1, thus complementing the experimental evidence that auxin is sufficient to compensate for the reduced max2 responses (Mayzlish-Gati et al. 2012 ).
More root organs: nodule formation is enhanced by exogenous strigolactones
Leguminous plants have the peculiar ability to engage in a symbiotic interaction with rhizobia resulting in the development of new root organs, the nodules, inside of which the bacteria fix atmospheric N for the plant. Nodule development is a complex program that involves bacterial infection and re-initiation of cell division in the cortex.
The nodulation process is initiated after the plant perceives Nod factors, i.e., lipochitooligosaccharides that are produced by rhizobia. With the discovery of strigolactones being both a rhizosphere signal and an endogenous plant hormone, the question arose whether strigolactones play a role in nodulation either as an endogenous plant hormone or a rhizosphere signal. It is well established that the nodulation process initiates when the bacteria perceive plant secondary metabolites, essentially flavonoid compounds, via the NodD transcriptional activator (Oldroyd et al. 2011) . Perception of the proper flavonoid compounds activates the rhizobial nod genes, resulting in the production and secretion of Nod factors (Oldroyd et al. 2011) . However, addition of GR24 to rhizobial cell cultures could not induce nod gene expression, indicating that strigolactones do not contribute to the initiation of Nod factor production by the rhizobia (Moscatiello et al. 2010; Soto et al. 2010) . Hence, in the rhizosphere, strigolactones seem to solely act as a recognition signal for arbuscular myccorhizal fungi and parasitic plants and not for rhizobia.
Still, exogenous addition of GR24 was found to positively influence the number of nodules in Medicago sativa (Fig. 2) (Soto et al. 2010) , supporting the role of strigolactones in regulating organ development. In agreement, the pea mutant rms1 was shown to carry less nodules per gram weight compared to control plants and this effect was complemented by exogenous GR24 (Foo and Davies 2011) . These data are in agreement with a positive role of endogenous strigolactones in nodulation. Interestingly, rms4 mutants affected in strigolactone response carried more nodules than the wild type, which is the opposite phenotype to rms1 (Foo et al. 2013 ). This discrepancy demonstrates that there is still much to be discovered about strigolactone signaling and it supports the hypothesis that the F-box protein is involved in signaling processes other than just RMS1-produced strigolactones .
The M. truncatula nsp1 and nsp2 nodulation mutants, affected in GRAS-type transcription factors within the Nod factor signaling pathway, are seriously hampered in strigolactone biosynthesis and D27 expression in non-symbiotic conditions . Those mutants are strongly affected in nodulation and nsp2 and nsp1/nsp2 mutants also show a slight decrease in arbuscular mycorrhization Maillet et al. 2011) . These data indicate that the low level of strigolactones might contribute to the nodulation phenotype. However, the nsp1 and nsp2 mutants have a much stronger nodulation defect compared to the rms1 mutant in pea, which is also hampered in strigolactone production. In addition, the decrease in d27 expression was not observed in mutants affected in Nod factor signaling components that act upstream of NSP1 and NSP2 to control nodulation . Hence, whether the observed decrease in strigolactone production contributes to the lack of nodulation observed in nsp1 and nsp2 is currently not known but should be tested to unravel how and whether the observations in the nsp1 and nsp2 mutants are linked to the positive role of strigolactones in nodulation. Alternatively, these GRAS-type transcription factors might control different groups of genes to regulate nodulation or arbuscular mycorrhization.
Strigolactones might influence the auxin transport and signaling cascades that control nodule establishment. Indeed, application of polar auxin transport inhibitors such as NPA and 2,3,5-triiodobenzoic acid (TIBA) can induce spontaneous nodules in some legumes (Allen et al. 1953; Hirsch et al. 1989; Wu et al. 1996; Rightmyer and Long 2011) . It has been shown that some genes transcriptionally controlled by both nodulation and auxin transport inhibitors might be important for nodule initiation (Rightmyer and Long 2011) . In agreement, physiological experiments in vetch, white clover and M. truncatula have revealed that at the nodule initiation site, a local inhibition of polar auxin transport takes place that might allow auxin accumulation at the site of nodule primordia development (Mathesius et al. 1998; Boot et al. 1999; Prayitno et al. 2006; van Noorden et al. 2006) . Besides a local influence on auxin transport, the development of the first nodules reduces the long-distance shoot-to-root transport of auxins (van Noorden et al. 2006 ) that might be fundamental to control nodule numbers (van Noorden et al. 2006 ). Hence, it will be interesting to test whether strigolactones impinge on one of these processes to control nodule development by carefully analyzing strigolactone action in relation to auxin distribution and PIN expression.
Are all strigolactone effects related to auxin?
In the shoot there are clear links between strigolactone and auxin (Bennett et al. 2006; Brewer et al. 2009; Crawford et al. 2010; Ruyter-Spira et al. 2011; Shinohara et al. 2013 ). In particular, it seems likely that strigolactones regulate local auxin levels. In belowground phenotypes it is also possible that strigolactones may be responsible for reducing local auxin levels. As indicated above, this may explain the inhibitory effect of strigolactones on adventitious rooting, lateral root formation, root hair length and nodulation while promoting primary root length.
The possibility that strigolactones may reduce auxin biosynthesis in belowground tissues is supported by DR5:GUS results (Ruyter-Spira et al. 2011) . Auxin is also regulated by positive feedback loops between biosynthesis and transport, so the higher levels of auxin biosynthesis may cause the higher levels of transporter proteins observed in primary roots (Ruyter-Spira et al. 2011) and also the higher levels of auxin measured at the bases of cuttings from tomato strigolactone mutants . Opposing evidence for this theory is that the strigolactone mutants of pea do not necessarily have a higher auxin content than that of the wild type (Beveridge et al. 1996; Morris et al. 2001) . Additional proof against strigolactone directly regulating auxin biosynthesis is found in root hair lengths, where exogenous treatments with auxins using the PIN efflux pathway were unable to restore the phenotype (Koltai et al. 2010) , suggesting a more direct interaction with the PIN pathway.
Another possibility is that strigolactones directly affect the PIN efflux pathway, which is supported by recent evidence in Arabidopsis stems where it was shown that strigolactone treatment triggers PIN1 depletion from the plasma membrane (Shinohara et al. 2013) . Also in root hair length studies direct interaction with polar auxin transport was suggested (Koltai et al. 2010) . The reduction in PIN expression levels with strigolactones (Ruyter-Spira et al. 2011) also provides support for this theory. The positive feedback loops can also explain the changes in DR5 levels, as an increase in transport away from the biosynthesis locations causes an increase in biosynthesis (Beveridge et al. 1997b; Bennett et al. 2006 ). An increase in polar auxin transport would also cause the increased auxin levels found at the base of strigolactone mutant cuttings ) and the higher DR5 levels observed in the primary root (Ruyter-Spira et al. 2011) . A reduction in polar auxin transport following GR24 treatment can also explain the findings that exogenous auxin added together with strigolactones has a less pronounced phenotype than when auxin is added alone Rasmussen et al. 2012) , because the polar auxin stream would become a bottleneck, reducing the amount of auxin reaching the base of the cutting. Nevertheless, newer evidence has contradicted the reported down-regulation of PIN proteins upon GR24 treatment (Shinohara et al. 2013) . Hence, two distinct models are proposed for auxin-strigolactone interaction in both shoots and roots. The forthcoming research on how strigolactones regulate root system architecture will undoubtedly shed new light on this tight and very interesting interaction between phytohormones.
Conclusion
It is clear that strigolactones are important regulators of many aspects of the root system architecture. Besides welldescribed effects of strigolactones to increase mycorrhizal infection rates and nodulation, root hair elongation is also induced by strigolactones, whereas adventitious root initiation and lateral rooting is inhibited. When comparing the regulation of these root system components, certain differences appear between the interaction of strigolactones and other root shaping hormones, although all aspects are additionally heavily influenced by nutrient conditions. For instance, clear links between cytokinin and strigolactones are thus far only published for adventitious rooting, whereas ethylene has only been implied during the strigolactone effect on root hair formation. It is possible that the differences in cross-talk account for the pleiotropic effect of strigolactones on different aspects of the root system. Researchers readily explain many of the observed phenotypes by an effect of strigolactones on fine-tuning local auxin levels via changes in auxin transport. However, evidence of a direct effect of strigolactones on any phenotype has not been ruled out, so care must be taken. Also, the differences in responses between different environmental conditions need to be kept in mind for future studies to untangle the signaling networks involved in root system regulation. In addition, because the soil environment is very heterogeneous in terms of nutrients, it will be important to test the effect of strigolactones on root system development under such conditions, which will contribute to our current (incomplete) understanding of how strigolactones affect the belowground organization of the plant. At the molecular level there are also huge gaps in our knowledge on the nature of strigolactone regulation of phenotypes and interactions with other signals. In conclusion, further research is still required to understand the complex signaling networks leading to regulation of the root system, crucial for plant growth.
